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3 4 the RNAP III system relies on the multisubunit factor TFIIIB composed of TBP, the TFIIB-80 like factors Brf1 and Bdp1 (B douple prime or B'') 7,21 . Bdp1 is unique to RNAP III 81 transcription initiation and has no homologue in the RNAP I or II transcription system. 82
However, Bdp1 is crucially involved in promoter recognition and DNA opening 38, 39 . 83
Vertebrates addionally use a TFIIIB variant that contains Brf2 instead of Brf1. Both 84 factors are structurally similar, but Brf2 binding to the TBP-DNA complex is regulated 85 by the redox state of the cell. The Brf2 containing TFIIIB complex initiates transcription 86 at a small subset of genes, including the selenocysteine tRNA and U6 snRNA. In contrast 87
to Pol II-transcribed snRNA genes, the U6 promoter contains a TATA-box element that 88 is crucial for the specific recruitment of TFIIIB 38, 40, 41 . TFIIIB is sufficient for the 89 recruitment of yeast RNAP III in vitro 42 . However, at human type 3 promoters an 90 additional protein complex is involved in transcription initiation, the snRNA activating 91 protein complex (SNAPc , reviewed in 37 ). 92
In addition to biochemical and structural studies, single-molecule fluorescence 93 resonance energy transfer (FRET) and ensemble kinetic studies provided insights into 94 the molecular mechanisms and kinetics of transcription initiation in the archaeal, RNAP 95 II and RNAP III transcription system [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . Interestingly, TBP-DNA complex lifetimes and 96 bending mechanisms differ significantly between the archaeal and eukaryotic system. 97
Archaeal TBP binds and bends the TATA-DNA only transiently 44 . In some archaeal 98 systems, TFB is of crucial importance for the recognition of the promoter by TBP 44 . In 99 all cases, bending is achieved in a single step. Similarly, the interaction of human TBP 100 with the U6 promoter is characterised by short lifetime in the millisecond range 52 while 101 interaction of yeast TBP with a classical RNAP II promoter is highly stable for minutes 102 to hours and bending occurs in two steps 44 . TFIIB, e.g., was shown to increase the 103 lifetime of the fully bent state in the RNAP II system. Similarly, the TFIIB-like factor Brf2 104 prolongs the lifetime of the TBP-DNA complex 52 . 105
Transcription assays as well as smFRET-based DNA bending assays are performed using 106 naked dsDNA of defined length. In vivo, however, transcription initiation factors 107 assemble on the promoter DNA in the context of compact nucleosome structures. As a 108 consequence, the transcriptional landscape in eukaryotes is shaped by chromatin 109 remodelling events 53 . A number of studies analysed the effect of the nucleosome 110 5 positioning on transcriptional levels and demonstrated that accesibility of the promoter 111 DNA correlates with transcriptional efficiency 54 . Another regulative aspect of the 112 nucleosome organisation that has to be considered is the topological effects on DNA 113 introduced by tightly spaced nucleosomes 55 and the transcription (and replication) 114 machinery. In this context, DNA is subject to mechanical forces. The effect of these 115 forces on transcription initiation, however, has not been analysed as suitable 116 methodological tools were not available so far. Standard force-sensitive methods like 117 magnetic and optical tweezers require long DNA linker strands that connect the DNA 118 under investigation to the macromolecular world, e.g. in magnetical or optical tweezer 119 experimentes a topological change of the investigated DNA can only be transmitted to 120 the beads via this linker. This in turn contributes to a considerable noise in a tweezer 121 experiment. Consequently, subtle changes in DNA topology introduced by DNA-binding 122 proteins like TBP are extremely difficult to detect 56 . 123
Here, we utilise a recently developed DNA origami-based force clamp 57 to monitor the 124 influence of DNA strain on the assembly of transcription initiation factors from the 125 human RNAP II and RNAP III transcription system on the promoter DNA. Our data 126 establishes the RNAPIII -specific initiation factor Bdp1 as the pivotal component of the 127 RNAP III initiation complex that ensures stable anchoring of the initiation factor TFIIIB, 128 and by extension the RNAP III, at the promoter. This exceptional stability provides a 129 stable anchor point for RNAP III at the promoter that's supports the transcription of the 130 short U6, tRNA and 5S rRNAs. Moreover, we demonstrate for the first time that the 131 the middle of the DNA origami clamp. Forces are tunable by adjusting the length of the 142 ssDNA that is connected to the rigid body of the DNA origami thereby providing two 143 fixed anchor points for the ssDNA ( Figure 1B ). Due to the reduced conformational 144 freedom of a short DNA segment (equivalent with a reduced entropy of the system), 145 higher strain (e.g. force) acts on the DNA. The resulting forces were calculated using a 146 modified freely jointed chain model 57,58 (for details see Supplementary Methods). In 147 this study, we employed DNA origami force clamps with forces ranging from 0 to 6.6 148 pN. The major advantage of the nanoscopic force clamp is that it acts autonomously 149 and does not require a physical connection to a macroscopic instrument. Moreover, 150 the DNA origami force clamp can be produced and used in a highly parallelised manner. 151
In order to study the force-dependency of transcription initiation factor assembly on 152 the promoter DNA, we engineered a prototypical RNAPII (Adenovirus major late 153 promoter, AdMLP) and RNAPIII promoter (human U6 snRNA promoter) sequence into 154 the DNA origami ( Supplementary Figure 1 ). The AdMLP promoter contains a TATA-box 155 and BRE element sequence, which are targeted by TBP and TFIIB, respectively. The 156 TATA-box of the U6 snRNA promoter is flanked by the GR-element at position -3/-4 and 157 TD-motif at position +3/+4 relative to the TATA-box ( Supplementary Figure 1 Increasing the force to 3.3 and 6.0 pN resulted in a decreased high FRET population. 227
However, at 6.0 pN a significantly higher fraction of molecules (49%) exhibited a high 228 FRET state as compared to the samples that only contained TBP. Moreover, the high 229
FRET is shifted to a value of E = 0.72 indicating that the bending angle is slightly 230 10 increased in the presence of TFIIB. These results suggest that TFIIB significantly 231 stabilises the TBP-DNA interaction, which is in agreement with previous smFRET studies 232 that showed that TFIIB not only extends the TBP-DNA complex lifetimes but also shifts 233 the equilibrium towards the fully bent state 44 Addition of the TFIIB-like factor Brf2 to the TBP-U6 promoter complex also resulted in 249 a stabilisation of the TBP-DNA complex and a shift of the bent DNA population to a 250 higher FRET efficiency (E = 0.74). In both cases, however, the complex was still force-251 sensitive and only a small fraction (Brf2 31%, TFIIB 30%) of molecules was found in the 252 bent state at 6.6 pN (Figure 2, Supplementary Figure 5 ). In previous studies, we 253 observed a significant increase in the lifetime of the complexes when Brf2 was added 254 to the TBP-DNA complex 52 . Addition of Bdp1 to the TBP-Brf2-DNA complex, however, 255 did not substantially affect the complex lifetime when linear promoter DNA was used 256 for smFRET measurements 52 . Hence, we wondered whether Bdp1 influences the 257 complex stability when the DNA experienced increased strain. Probing the force-258 sensitivity of the TBP-Brf2-Bdp1-DNA complex showed that even at 6.6 pN, the majority 259 of molecules (69%) was found in a bent DNA state. We therefore conclude that in the 260
Pol III system, Bdp1 is the decisive initiation factor that renders the initiation complex 261 fully stable ( Figure 3 ). In contrast, TFIIB suffices to ensure such a stable complex 262 formation in the Pol II system. 263
264
Increased DNA strain destabilises the TBP-DNA interaction 265
Previous measurements showed that the TBP-DNA interaction is dynamic 44,52 . This 266 gave us the opportunity to ask whether the increase in strain reduces the lifetime of 267 the TBP-DNA complex (enhanced TBP dissociation with increase in force) or prolonges 268 the lifetime of the unbent DNA state (inhibited TBP association with increase in force). 269
To answer this question, we use two different strategies adapted to the underlying 270 kinetics of association/dissociation process. Slow kinetics in the minutes time regime 271 were measured by acquiring smFRET distributions at different time points after mixing 272 the constituents of the transcription complex. Faster kinetics were measured by 273 monitoring the high-FRET and low FRET state lifetimes directly on single immobilized 274 complexes. Time-resolved smFRET measurements of the TBP-DNA interaction at 0 and 275 6.0 (AdMLP) or 6.6 pN (U6 promoter) showed that the TBP-AdMLP promoter exhibits a 276 lifetime of 311 ± 62 s at 0 pN force while the interaction between TBP and the U6 277 promoter is short-lived (bent = 0.54 ± 0.02 s) ( Figure 4 and Table S3 ). This is in 278 12 agreement with previous observations using linear dsDNAs 52 Figure 6 and Table S3 ). During the initiation phase of transcription, the transcriptional machinery is assembled 312 at the promoter. The minimal factor requirement for transcription initiation consists of 313 TBP and TFIIB to recruit RNAP II and TBP, Brf1 or Brf2 and Bdp1 and additionally SNAPc 314 to recruit RNAP III. One of the interesting questions in this context is why the RNAP III 315 machinery relies on a third basal initiation factor not conserved in the RNAP I or RNAP 316 II system? Based on our data, part of the answer might be found in the fact that 317 promoter DNA -rather than being a rigid stick-like molecule -is part of a complex 318 chromatin superstructure with dynamic structural variability and consequently subject 319 to mechanical forces in the dynamic landscape of chromatin that is constantly exposed 320 to changes by chromatin remodelers and gene activators 54 . This also includes loop 321 formation and tight nucleosomal packaging that exerts mechanical forces on the DNA 322 59,60 . Additionally, attractive interaction between nucleosomes mediated by the histone 323 tail domains have recently been observed using DNA nanotechnology 55 . These close-324 range interactions vary in strength between -0.3 to -8 kcal/mol which falls into the 325 range covered by our experiments 55,61-64 ( Supplementary Figure 7) . However, the 326 chromatin landscape and consequently the forces that act on the promoter DNA differ 327 between Pol II and III promoters. In this work, we investigated the force sensitivity of 328 transcription initiation factor assembly at the promoter DNA at variable forces 329 employing a novel method to carry out force measurements based on a DNA origami 330 force clamp 57 . Combined with a smFRET assay, we were able to quantify TBP-induced 331 promoter DNA bending and to evaluate the influence of additional initiation factors. 332
Using identical TBP concentrations, we found that human TBP bends the U6 snRNA 333 promoter less efficiently under force than the AdML promoter. This is not surprising as 334 only four out of eight bases of the TATA sequence of the U6 promoter sequence match 335 the human consensus TATA box sequence 9 . In contrast, the AdMLP provides a perfect 336 TATA box. This is also reflected in the bent/unbent state lifetime measured for both 337 complexes ( Figure 4) . Here, mainly the unbent state lifetime increases with force, thus 338 the AdMLP-TBP complex with its higher lifetime is less effected than the transient U6-339 TBP complex. Our data show that TBP in conjunction with TFIIB forms stable and force-340 resistant complexes at the prototypical RNAP II AdML promoter. The long lifetime of 341 15 the TBP-DNA complex, the observed stabilising effect of TFIIB and the increase in 342 bending angle upon addition of TFIIB is consistent with previous smFRET 343 measurements using yeast TBP/TFIIB 44 . In the RNAP III transcription system, we 344 observed that the TFIIB-like factor Brf2 also enhances the stability of the TBP-DNA 345 complex 52 . Interestingly, the addition of the third initiation factor, Bdp1, yields an 346 outstandingly stable initiation complex at the U6 promoter. It is noteworthy that the 347 spliceosomal U6 RNA and other RNAP III gene products are highly expressed. This in 348 turn requires robust formation of initiation complexes at the promoter as 349 transcriptional regulation cannot take place at the level of elongation at these 350 extremely short genes. Hence, the RNAP III-exclusive initiation factor Bdp1 plays a 
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The situation is different at RNAP II promoters as RNAP II transcribes mRNAs that can 383 be hundreds of basepairs in length and re-initiation does not seem to play a role. 384
Another point to consider is that RNAP II and III promoters display a nucleosome 385 depleted region around the transcription start site (TSS) but a conserved +1 386 nucleosome is found at position +40 in genes with elongating RNAP and +10 in silent 387 genes (RNAP II) 70,71 and 220 bp (RNAP III) 69 . As the position of the +1 nucleosome does 388 not show a strong sequence-dependency and its position appears to be flexible when 389 nucleosomes are reconstituted on naked DNA in vitro 71 , it has been speculated that 390 initiation factors situated at the promoter help to establish the position of the +1 391 nucleosome 54,72 . This might be especially relevant for RNAP II genes where the +1 392 nucleosome is found in close proximity to the TSS. In this case, initiation factors need 393 to be stably attached at the promoter in order to avoid displacement by the 394 nucleosome. Here, TFIIB acts as the initial stabilising factor at RNAP II promoters to 395 secure TBP at the DNA and this minimal initiation complex can be further extended by 396 additional initiation factors like TFIIA and ultimately extended to include the Mediator 397 complex 19 . Homologues factors are not found in the RNAP III system but our studies 398
show that the addition of Bdp1 to the RNAP III initiation factor lineup is necessary and 399 sufficient to maintain an active initiation complex even when the transcribing RNAP III 400 potentially causes increased DNA strain in the promoter DNA. Interestingly, extending 401 the initial TBP-DNA complex by aditional transcription factors increases the lifetime of 402 the unbent state increases with force. This indicates that the tension on the DNA is a 403 mechanism of gene regulation. The packaging, histone placement, action of the 404 replication machinery and binding of regulatory proteins will certainly have an impact 405 on the tension that the iniation complex is exposed to. Thus, besides steric effects, 406 tension influences transcription. On the other hand, after the transcription initiation 407 complex has formed (i.e. more than one transcription factor is assembled at the 408 promoter), the lifetime of the complex becomes independent of force. This might 409 indicate that after the decision for transcription was taken, the process should become 410 independent of mechanical factors ensuring that the RNA polymerase enters the 411 elongation phase of transcription. 412 413
Material and Methods 414
Proteins 415
All proteins were expressed and purified as described previously 52 . For the 416 measurements shown we used a N-terminal Bdp1 variant that encompasses residues 417 130-484 that efficiently forms a complex composed of TBP, Brf2 and promoter 418 DNA 21,52 . 419 420
Cloning of promoter DNA sequences into the M13 DNA origami scaffold 421
The Force-clamp origami used in this work is based on the M13mp18 ssDNA. The 422 multicloning site of the ssDNA phage DNA is located within the spring region of the 423 force clamp, and the two different RNA polymerase promoters were cloned between 424 the BamHI-HindIII restriction sites of the multicloning site. AdMPL promoter and U6sn 425 RNA promoters were assembled by means of hybridisation of 5'-phosphorylated 426 forward and reverse oligonucleotides (Supplementary Table 1 ). Annealing of the 427 forward and reverse oligonucleotides generate BamHI and HindIII sticky ends. Cloning 428 was performed using the replicative form (dsDNA) of the M13 phage, and high titer 429 phage stocks and ssDNA M13 DNA for DNA origami assembly were prepared as 430 described elsewhere 73,74 . In both cases, promoter sequences were confirmed by 431 sequencing after cloning. 432 433
Preparation of doubly labelled single-stranded DNAs 434
Doubly labelled single-stranded DNAs were prepared from individual DNA strands that 435 carry either the donor or the acceptor fluorophore (Supplementary Table 1 
Data analysis 563
Data analysis of confocal FRET measurements was performed with the software 564 package PAM 78 . Photon bursts of diffusing molecules were determined by an all-565 photon burst search (APBS, parameters: L=50, M=20, and T=500 μs) and an additional 566 dual-channel burst search (DCBS, parameters: L=50, MGG+GR=20, MRR=20, and 567 T=500 μs). Burst data were corrected for donor leakage and direct excitation of the 568 acceptor (determined from APBS according to 79 ) as well as γ and β (determined from 569 DCBS ES-histograms using an internal fit on multiple E/S separated FRET populations). 570
The data were binned (bin size =0.025), plotted as E histogram and fitted with a single 571 (DNA) or triple Gaussian fit. 572 573
Kinetics measurements 574
Data were processed as above. All bursts were sorted according to their FRET efficiency 575 (low FRET for E<0.3 and high FRET for E>0.6) and binned by macrotime (bin size=2 min). 576
Low FRET and high FRET bins were normalized to the combined sum to determine 577 relative ratios of both populations which were plotted against time and fitted with a 578 mono-exponential function. The fit-derived decay constant and y-offset (y0, equivalent 579 to low FRET ratio at equilibrium) for the low FRET population were used to determine 580 dwell times in the high FRET and low FRET state via deconvolution with a perturbation-581 relaxation model (see also Supplementary informations). 582 583 584
